Abstract-Direction-of-arrival (DOA) estimation of coherent sources is a significant problem in impulsive noise environments. In this paper, a robust estimation algorithm which combines the ideas of spatial smoothing (SS) and infinity-norm normalization (INF) is presented, referred to as INF-SSR. The proposed algorithm exploits the Root-MUSIC technique to computer the DOA estimates, thus avoiding the peak searching and can be applied to seriously impulsive noise environments compared with the fractional lower order moment spatial smoothing MUSIC algorithm (FLOM-SS). Simulation results demonstrate effectiveness of the proposed algorithm.
INTRODUCTION
In recent years, there has been drawing the increasing attention of high-resolution techniques for estimating the direction of arrival (DOA), which are widely applied in radar, radio astronomy, medical imaging, and wireless and mobile communication [1, 2] , using multiple sensors. Many high resolution algorithms such as the multiple signal classification (MUSIC) [3] and estimation method of signal parameters via rotational invariance techniques (ESPRIT) [4] algorithms have been proposed and have good performances based on the Gaussian noise assumption, where second-order statistics is assumed to be finite. Unfortunately, the assumption cannot be satisfied in some scenarios such as sea clutter noise, atmospheric noise, wireless channel noise, acoustic radar echo, low-frequency atmospheric noise and artificial signal. They in practice often demonstrate non-Gaussian properties, primarily due to impulsive characteristics [5, 6] and thus the performance of most existing DOA algorithms may severely degrade in impulsive noise environments.
A recent research suggests [5, 6] that stationary symmetric alpha stable processes are better models for impulsive noise than Gaussian processes. For tackling impulsive noises, a class of subspace based DOA estimation algorithms employs the fractional lower-order statistics such as the robust covariation in ROC-MUSIC [7] , fractional lower-order statistics in FLOM-MUSIC [8] , instead of the second-order sample covariance. However, the fractional lower-order statistics based algorithms need prior knowledge of the impulsive noise"s statistics and large sample sizes for a satisfactory performance. On the other hand, they have a heavy computational load for peak searching and cannot be applicable to the exponential parameter case of 1   in impulsive noise environments. Fortunately, Ref. [9] presents IN-MUSIC method, which does not require any prior knowledge of the impulsive noise"s statistics and can be applicable to the exponential parameter case of 1   . However, the algorithm is based on MUSIC method, which also has a heavy computational load for peak searching. It is wroth noting that all the algorithms mentioned above have an assumption that signals are incoherent and thus existing algorithms cannot effectively distinguish the DOA of coherent sources. Although fractional lower order moment spatial smoothing MUSIC algorithm (FLOM-SS) is presented in Ref. [10] for the direction of arrival estimation of coherent sources in impulsive noise environments, it cannot be applicable to the exponential parameter case of 1   and has a heavy computational load.
In this paper, we have proposed INF-SSR algorithm which does not require peak searching for direction of arrival (DOA) estimation of coherent sources in the presence of impulsive noise. It outperforms FLOM-SS with the following advantages: (a) requiring no prior knowledge of the impulsive-noise"s statistics; (b) offering better estimation accuracy and resolution; (c) light computational cost; (d) 
In this letter, the noise is assumed to be impulsive.
III. ALPHA STABLE DISTRIBUTION
Alpha stable distribution is a wide class of distributions and Gaussian family is a special situation of it. Since it does not have a closed form of probability density function (pdf), it is defined [5, 14] by its characteristics function as follows
where   is a dispersion parameter that is similar to the variance for Gaussian process. 
IV. INFINITY-NORM NORMALIZATION

A. Infinity-Norm Normalization
When the noise is impulsive, the second-order moment does not exist. Thereby, the second-order moment based many DOA estimation algorithms cannot be applied in impulsive noise environments. In order to overcome the difficulty, we use infinity-norm normalization for array output vector [9, 15, 16] .
The infinity-norm normalized array data is () t z simply described by the received data () t y as (8) Theorem [9, 15, 16] : The covariance matrix defined from the weighted array data (5) η is the weighted noise power at each sensor. The mathematical proof of the infinity-norm normalization is given in References [9, 15, 16] .
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V. INF SPATIAL SMOOTHING ROOT MUSIC ALGORITHM
A. Spatial Smoothing
In the following sections, we will introduce the infinity-norm normalization spatial smoothing Root MUSIC algorithm (INF-SSR) for DOA estimation of coherent sources in impulsive noise environments. The spatial smoothing is a useful method for the DOA estimation of coherent signals. The main idea under spatial smoothing [17] [18] [19] is to divide the main array into a number of overlapping subarrays, and then the subarray covariance matrices are averaged.
In this section, we describe how to apply infinity-norm normalization in the forward/backward spatial smoothing MUSIC [17] [18] [19] Thus, the covariance matrix of the kth subarray is therefore given by ( 1) ( 1) 2 ()
The forward spatially smoothed covariance matrix is denoted as the average of the subarray covariance 
where ( 
B. DOA Estimation Using Polynomial Rooting
To obtain high DOA accuracy, conventional spatial smoothing-MUSIC method generally requires searching peaks, thus, resulting into great computational burden. To reduce the computational complexity, the polynomial rooting technique [20, 21] is applied in the proposed algorithm. Defined a polynomial as the equation (16) ( ) ( ), 1, 2, , 
The direction of arrivals of all coherent sources in the impulsive environments can be obtained from the phase of the largest K roots
C. Basic Steps of the INF-SSR Algorithm The Steps of INF-SSR algorithm is summarized as follows:
Step1 Obtain the processing snapshot data () k t z using the equation (11) .
Step2 Construct forward spatially smoothed covariance matrix ˆf R and backward spatially smoothed covariance matrix ˆb R , respectively. Step4 Construct backward/forward spatially smoothed covariance matrix ˆf b R . Step5 Perform the eigenvalue decomposition for ˆf b R and obtain the noise subspace ˆn U .
Step6 Solve the equation (17) and find K roots which are closet to the unit circle.
Step7 Obtain the DOA estimation according to equation (18) in impulsive noise environments.
VI. SIMULATION RESULTS
The INF-SSR and FLOM-SS algorithms are compared in their DOA estimation precision for simulated sensor array system. Other algorithms for tackling impulsive noises are not compared here since they just think about noncoherent sources and cannot resolve the DOA estimation of coherent sources in impulsive noise environments. Assume that there exist 2 K  coherent signals, which are located at angles sensors. The array is divided into 3 subarrays, each of them with 8 m  sensors. Two quantities are used to evaluate the performance: root mean squared error (RMSE) and probability of resolution. RMSE is defined in Ref. [9] and 500 MC trials are used. For each Monte Carlo (MC) trial, two estimated signals are considered being successfully estimated if they satisfy Because alpha stable distribution has no second order moment and infinite variance, a generalized signal-tonoise ratio (GSNR) [1, 2] is defined as GSNR which is a direct generalization from SNR. When the alpha-stable noise degenerates to the Gaussian noise, the GSNR is the ratio of signal variance to noise variance. 
The probability of resolution is the ratio, in percentage, of the number of successful MC iterations to the total number of MC iterations. Fig. 1(a) and Fig. 2(a) show probability of resolution for the INF-SSR and FLOM-SS algorithms on different impulsiveness situations of noises, respectively. From the two subfigures we observe that the INF-SSR algorithm has higher probability of resolution than the FLOM-SS algorithm especially in low GSNR case and seriously impulsive noise environments, respectively and the GSNR is lower, the better the estimation performance of the proposed INF-SSR algorithm compared to that of the FLOM-SS algorithm. This indicates that the proposed INF-SSR algorithm is especially suitable to seriously impulsive noise situation. This characteristic of the proposed algorithm can also be seen from Fig.1(b) and Fig.2(b) where RMSE is presented and it can be shown that the proposed method has better angle performance than the FLOM-SS algorithm. Fig.3(a) and (b) show that the proposed algorithm has the better angle estimation performance when the FLOM-SS algorithm [6] is inapplicable to the 1   case. Therefore, the proposed algorithm is robust especially to seriously impulsive noises environments. From the figure 4, we can find that the proposed algorithm is also applicable for estimation of coherent sources" DOA under Gaussian noise but its angle estimation performance is inferior to the SS-MUSIC algorithm [18] especially at low SNR.
VII. CONCLUSION
In this paper, we have proposed a robust INF-SSR algorithm based on infinity-norm normalization for DOA of coherent sources in impulsive noise environments. The proposed algorithm has much better performance for DOA estimation in contrast to the FLOM-SS algorithm in impulsive noise environments. In addition, it dose not need any prior knowledge of the impulsive noise"s statistics. Furthermore, it avoids high computational cost and reduces runtime compared to traditional peak searching based FLOM-SS algorithm. But its performance of angle estimation is inferior to the SS-MUSIC algorithm [18] in the presence of Gaussian noise. The limitation inspires us to continue working to improve the angle estimation performance of INF-SSR algorithm in the future. Cong Xu received her M.S. degree in circuit and system from Xidian University, Xi"an, China, in 2013. Her research interests focus on intelligent information processing.
